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Abstract
Natural selection, mutation, recombination, demographic history and chance all have a role in
evolution. In natural populations, the outcome of these forces is seen as adaptations, differences
between geographic varieties, and as genetic diversity in populations—both at the phenotypic and
molecular levels. In this thesis I wanted to examine the roles of the evolutionary forces shaping
molecular genetic diversity in trees, with emphasis on a boreal conifer, Scots pine (Pinus sylvestris).

Phylogeographic history and past population size changes have a dominant role in molecular
diversity of P. sylvestris. The effect of the Last Glacial Maximum (37 000–16 000) was observed in
the distribution of mitochondrial DNA variation. In contrast, nuclear DNA was not much affected by
the last glacial period. Instead, more ancient demographic events that took place millions of years ago
can still be observed in the variation of P. sylvestris nuclear DNA.

Not much evidence of positive natural selection was found in pines or trees in general. This is in
contrast to strong natural selection that is observed at the phenotypic level. Positive selection is
difficult to prove, especially when the genome is still affected by demographic history. Mutation–drift
equilibrium may rarely be reached in tree populations.

Keywords: demographic history, molecular evolution, nucleotide diversity, Pinus
sylvestris, population genetics, Scots pine, tree
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1 Introduction 

Since the publication of Darwin’s On the Origin of Species (1859), the key 
question in evolutionary biology has been what are the relative roles of 
advantageous, neutral and deleterious mutations in evolution (Bernardi 2007, Nei 
2005). Even though Darwin’s theory accepted the existence of neutral variation, 
natural selection acting on advantageous mutations (Darwinian selection) had a 
major role in his original idea. The view that selection is the major force in 
evolution was later supported by so-called neo-Darwinists in the first decades of 
the twentieth century (Nei 2005) and for example in the pseudo-hitchhiking 
model by Gillespie (2000). 

A less dominant role of natural selection was already suggested by Thomas 
Morgan in 1930’s (Morgan 1925, Morgan 1932). However, the neutralist view 
really came forward after 1960’s when data on molecular variation started to 
accumulate. At that time, it was generally believed that most of the genetic 
polymorphism in a population is a result of some sort of balancing selection 
(Dobzhansky 1955, Mayr 1963). However, the data revealed so much molecular 
variation in populations that it could no longer be explained by balancing 
selection. The most important non-selectionist theory on the genetic variation was 
developed by Motoo Kimura (1968), who argued that most of the mutations are 
deleterious or neutral. 

The basic idea in Kimura’s neutral theory of molecular evolution (Kimura 
1983) was that mutation creates new alleles, and drift either fixes or deletes the 
variation from the finite population just by chance. Deleterious alleles are purged 
from the populations, and therefore do not contribute to evolution in the long run. 
Neutral alleles do not have fitness effects and their allele frequencies depend only 
on effective population size. According to Kimura’s neutral theory, the amount of 
polymorphism in the population depends on the equilibrium between mutation 
and drift. Further, the divergence between species depends only on the mutation 
rate. It has to be emphasized that neutral theory did not suggest the absence of 
positive natural selection as such; only that it is rare compared to neutral and 
deleterious mutations. The advantage of the neutral theory was that it provided 
clear theoretical predictions that could be tested with empirical data—and at first, 
the data seemed to agree with the theory (Nei 2005). Even though it has been 
recently called “a theory in retreat” (Chamary et al. 2006), it is still widely used 
as a null model in molecular evolutionary biology (Fay et al. 2002, Kreitman 
1996). 
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The presence of adaptive genetic variation at the phenotypic level is 
undeniable (for examples in plant species, see Linhart & Grant 1996). What has 
proven to be difficult is finding the molecular basis of the adaptations (Caicedo et 
al. 2007, Hamblin et al. 2006, Schmid et al. 2005), because non-selective forces 
like mutation, recombination and drift that also shape the molecular variation, 
easily blur the signal of selection. The challenge is to distinguish the effect of 
selection from the patterns that non-selective forces have created.  

The amount of drift can vary in time and space depending on breeding system, 
population structure, population size changes and other demographic events. 
Mutation and recombination rates vary along the genome (Gaut et al. 2007, 
Lercher & Hurst 2002). Usually the demographic history of a study organism is 
poorly known. Certain forms of selection are hard to find and prove based on 
molecular data alone (Kreitman & Di Rienzo 2004, Hughes 2007). Furthermore, 
parts of the genome that have been assumed to be neutral, like synonymous or 
non-coding positions, have been argued to evolve under selection too (Bernardi 
2007, Chamary et al. 2006, Kimchi-Sarfaty et al. 2007). Despite the growing 
amounts of molecular data, the extent to which natural selection affect nucleotide 
polymorphisms at the genomic level is not really known in any species and 
continues to be at the core of molecular evolutionary science. 

1.1 Coalescent theory 

Coalescent theory is essential in interpreting DNA sequence polymorphism data 
in population genetics. In brief, it is a model describing the connection between 
patterns of observed DNA polymorphism and gene genealogy. For a 
comprehensive introduction, see Wakeley (2008). The idea was first presented by 
Kingman (1982) and also independently by Tajima (1983) and Hudson (1983b). 
The model can be used for example to derive estimates of population parameters 
(e.g. scaled mutation and recombination rate). It is also useful in describing the 
effect of chance in evolution. This is important, because DNA polymorphism data 
from one locus are in principle a random sample from many possible evolutionary 
scenarios (Rosenberg & Nordborg 2002). Importantly, coalescent simulations 
together with data can be used in hypothesis testing and in likelihood methods 
(Rosenberg & Nordborg 2002). 
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Fig. 1. An example of coalescent tree. 

In coalescent model samples are followed back in time to their most recent 
common ancestor. At the beginning of the process (present) a genealogy of n 
samples has n external branches (see Figure 1 for example of tree where n=5). 
The first coalescent event joins together two of them after a time period of Tn, 
indicating the common ancestry of the samples in the history. After n-1 coalescent 
events, the most recent common ancestor of all samples is reached and no more 
coalescence events happen. Events in coalescent tree in diploids are scaled in 
units of 2Ne generations. Coalescent process is a Poisson process, where each pair 
coalesces independently of others with constant rate, and branching structure and 
coalescent times are independent random variables. Ne is called the coalescent 
effective population size and is equal to N in large Wright-Fisher population 
(Fisher 1930, Wright 1931). Results on branching structure of tree, expected total 
length of tree, expected time to most recent common ancestor and their variances 
are derived based on the above-mentioned Poisson processes. 

To model for example how DNA sequence polymorphism emerges, gene 
genealogy is not enough; mutation also needs to be incorporated. Mutation at the 
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DNA sequence level is often considered to follow the infinite sites model (ISM) 
(Kimura 1969, Watterson 1975). In the ISM, each mutation hits one site only once 
and always creates a new allele, which is usually a reasonable assumption at the 
intra-specific level. Mutations are distributed stochastically on the coalescent tree 
according to Poisson distribution, conditional on the lengths of the branches, with 
rate θ/2, where θ=4Neμ in a diploid case. Provided that only neutral 
polymorphisms are considered, mutation and coalescence events are independent 
processes. 

The basic coalescent makes several simplifying assumptions about a 
population: no selection, no population structure, no intra-locus recombination 
and no population size changes over time. In addition the Wright-Fisher model 
assumes non-overlapping generations. Even though the assumptions under the 
basic coalescent model are very unlikely to be met in natural populations, it has 
proven to be an excellent tool for population geneticists (Kingman 2000, 
Nordborg 2001, Rosenberg & Nordborg 2002, Wakeley 2008). Many deviations 
from the basic assumptions above, such as population size changes, structure and 
selfing can be easily incorporated by rescaling the time by adjusting Ne (reviewed 
in Nordborg 2001). Recombination (e.g. Hudson 1983a) and selection (e.g. 
Neuhauser & Krone 1997) have also been included in the coalescent framework.  

Further details about how coalescent model and methods based on it have 
been used in this thesis in testing for neutrality of polymorphism/divergence data 
and inferring past demographic history are described in Chapter 2. 

1.2 Trees from evolutionary viewpoint 

Trees are large, long-living woody plants. They do not form a monophyletic 
group, but the life form has developed independently several times during plant 
evolution. Trees often dominate their habitat and can even affect the microhabitat 
of their growing site (Petit & Hampe 2006). They have large census sizes and 
distributions, consisting of as much as thousands of millions of individuals (Petit 
& Hampe 2006). However, tree population sizes are not stable. According to 
pollen fossil abundances, population sizes and distribution ranges, trees have 
undergone drastic changes several times during climatic cycles (Cheddadi et al. 
2005, Davis & Shaw 2001). 

Most trees are outcrossing and have effective dispersal mechanisms (Petit & 
Hampe 2006, Savolainen et al. 2007). They reach maturity relatively late and stay 
fertile very long, which results in long generation times. Trees can live hundreds, 
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even thousands of years. After they reach maturity, fecundity is high and gets 
higher as trees grow older (Franco & Silvertown 1996). For example a mature 
Pinus sylvestris forest in southern Finland produces about 90 seeds per square 
meter per year (Sarvas 1962). Effective dispersal and high numbers of individuals 
have been argued to be main reasons for observed high genetic diversity and low 
differentiation among tree populations (Hamrick et al. 1981, Nybom 2004). 

Tree evolution is slow compared to annual and herbaceous species. 
Speciation and extinction rates are low and many tree species are old (Petit & 
Hampe 2006). Also the molecular divergence between species and mutation rates 
per time unit in trees are low compared to other plants (Willyard et al. 2007). 
Generation time effect and low metabolic rate have been suggested to explain the 
difference between trees and other plants (Petit & Hampe 2006). However, trees 
can be phenotypically adapted to various environmental conditions and have large 
genetic differences among geographic regions (Howe et al. 2003). For example, 
populations of several European tree species are adapted to changes in growing 
season by varying timing of bud set, bud flush and cold tolerance (Savolainen et 
al. 2007). The adaptations can arise relatively quickly: in northern Europe, the 
locally adapted populations have emerged during less than 10 000 years after the 
LGM. 

1.3 Overview of the genus Pinus 

There are approximately 111 pine species (Gernandt et al. 2005), most of them 
trees (Richardson & Rundel 1998). Pines are distributed mainly in the Northern 
hemisphere where they can be found under various demanding environments. 
Typically they are light demanding and survive in nutrient poor soil better than 
other trees (Richardson & Rundel 1998). They dominate various forest 
ecosystems and are also economically important as a source of pulp, timber and 
other products. 

The genus has been divided into two groups, Pinus and Strobus, soft and hard 
pines and further into four sections (Trifoliae, Pinus, Quinquefoliae and Parrya) 
(Gernandt et al. 2005). Pine fossils are abundant, but there is still some 
uncertainty about the timing of diversification between lineages (Eckert & Hall 
2006, Willyard et al. 2007). For example, the oldest pine fossil P. belgica has 
been estimated to be about 130 million years old (Alvin 1960, Willyard et al. 
2007), but the recent estimates of Pinus-Picea split still vary between 190-72 
MYA, depending on how the phylogeny is calibrated (Willyard et al. 2007). 
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Pines are monoecious, their pollen is wind dispersed and they are practically 
outcrossing (Richardson & Rundel 1998). They do not have a real incompatibility 
system, but most self-pollinated individuals die at the embryonic stage (Ledig 
1998). As trees in general, also pines are genetically highly variable at allozyme 
coding loci (Hamrick & Godt 1990, Ledig 1998). Large portions of their genome 
consist of repetitive DNA and they typically have large gene families and large 
genomes (Ahuja et al. 1994, Friesen et al. 2001, Grotkopp et al. 2004, Kinlaw & 
Neale 1997, Valkonen et al. 1994). Despite effective gene flow, local adaptation 
and clinal phenotypic variation in pines is common (Ledig 1998). 

1.4 Pinus sylvestris 

1.4.1 Population geneticist view 

P. sylvestris, Scots pine, is one of the most widely distributed pine species in the 
world. It can be found from Spain to northern Finland and from Scotland to 
eastern Siberia. The distribution is mostly continuous, though some marginal 
isolated populations exist, for example in Spain and Turkey. It has a huge 
population census size, which only in Finland consists of tens of milliards of trees. 
P. sylvestris is highly outcrossing. The proportion of progeny due to random 
outcrossing, tm has been estimated to be around 0.95 (Kärkkäinen et al. 1996, 
Muona & Harju 1989). The pollen flow is also extensive. For example, Robledo-
Arnuncio & Gil (2005) estimated that that 4.3% of fertilizing pollen in an isolated 
Spanish population came from more than 30 km distance. Presumably due to 
effective pollen flow, the species is not genetically highly structured (Gullberg et 
al. 1985, Karhu et al. 1996, Muona & Harju 1989, Szmidt & Muona 1985). Even 
populations that are separated by thousands of kilometres show little genetic 
differentiation at neutral markers (Dvornyk et al. 2002). As a conclusion, it can 
often be assumed that P. sylvestris has a large, panmictic population.  

P. sylvestris has several useful characteristics from a population genetics 
viewpoint. The haploid maternal megagametophyte tissue in seeds is practical, 
because haplotypic phase can be acquired easily. For example recombination rate 
and extent of LD can be measured reliably using data from direct DNA 
sequencing of megagametophyte tissue. The different modes of inheritance of 
mitochondrial (maternal), chloroplast (paternal) (Neale & Sederoff 1989 and 
citations therein) and nuclear (biparental) DNA can be exploited to differentiate 
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between pollen and seed mediated components of gene flow or in inferring 
population history at several time-scales. 

Despite low differentiation at neutral markers, P. sylvestris is clearly 
phenotypically adapted to different environmental conditions. Bud set timing and 
cold tolerance varies clinally with latitude in Europe (García-Gil et al. 2003, 
Hurme et al. 1997, Mikola 1982). Common garden experiments have shown that 
populations are locally adapted (Savolainen et al. 2007) and proved that strong 
natural selection has affected genetic variation in these traits (Knürr et al. 
manuscript). The combination of low differentiation at neutral markers, and 
strong natural selection at phenotypic trait makes finding the molecular basis of 
selection easier. Low genetic differentiation is useful because population structure 
can cause false positives in association analysis (Aranzana et al. 2005, Neale & 
Savolainen 2004). However, the large genome and gene families make finding the 
loci causing adaptive phenotypic variation a demanding task. 

One advantage of P. sylvestris as a study species is the amount of background 
data available. Database search in ISI Web of Science with terms “Pinus sylvestris 
OR Scots pine” produced 7055 scientific articles. The extensive provenance trials 
as well as first studies of local adaptation and flowering phenology have been 
largely motivated by forestry, but nonetheless benefit also evolutionary studies on 
the species (Eiche 1966, Langlet 1936, Mikola 1982, Morgenstern 1996, Sarvas 
1962, Shutyaev & Giertych 1998). 

1.4.2 Phylogeographic history 

According to pollen fossil data, Pinus abundance in Europe has fluctuated over 
past hundreds of thousands of years in conjunction with climate cycles (Cheddadi 
et al. 2005, Müller et al. 2003). During the LGM (37 000 - 16 000 years ago), 
Fennoscandia and western parts of northern Russia were covered by ice. The 
region was colonized by P. sylvestris as the ice sheet retreated during the past 
10 000 years. Suggestions about phylogeographic history of P. sylvestris during 
and after the LGM have been made based on paleoecological and genetic 
evidence. 

The exact colonization routes of P. sylvestris are not known, but based on 
pollen fossil, P. sylvestris reached the northernmost part of Scandinavia about 
7800 BP (Huntley & Birks 1983, Willis et al. 1998). Later, about 5000 BP, the 
northern limit of the distribution retreated southwards (Willis et al. 1998). The 
earlier view has been that tree refugia were located only in southern Europe, but 
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more recent macrofossil evidence suggests that there have been forests in central 
and eastern Europe even the during the LGM (Cheddadi et al. 2006, Willis & van 
Andel 2004). The pollen data from Russia indicates also eastern refugia in Siberia 
(Kremenetski et al. 1998). The history of P. sylvestris prior to the LGM is not 
clear, because older pollen data are scarce. At present, the northern forest line of P. 
sylvestris in Finland is at the latitude 67°30’N (Seppänen & Norokorpi 1998), and 
the species is colonizing more northern areas, probably due to climate warming 
(Neuvonen et al., manuscript).  

Studies on distribution of genetic diversity and especially mitochondrial DNA 
types have revealed some isolated populations and putative locations of refugia. 
Spanish populations seem to be isolated from the mainland P. sylvestris 
populations and have been suggested to be remnants of LGM refugial population 
in Iberian Peninsula (Dvornyk et al. 2002, Sinclair et al. 1999, Soranzo et al. 
2000). There is also genetic evidence of an Italian refugium (Cheddadi et al. 
2006). In addition, a distinct, more northern origin of Scottish P. sylvestris 
population has been suggested based on genetic data (Sinclair et al. 1999, Sinclair 
et al. 1998). 

1.5 Aims of the study 

Because trees are both economically and ecologically important group of plants, it 
is important to understand how the natural selection has affected their evolution. 
This helps to understand and predict how and at what pace the trees would 
respond to environmental changes in the future. The aim of the study is to assess 
the relative roles of selection and demography on tree genomes at various time 
scales with special focus on the demographic history of P. sylvestris. 

In P. sylvestris the effect of natural selection is clear at the phenotypic level. 
However, the effect of natural selection at the molecular level is difficult to 
identify without knowledge about the species demographic history. I wanted to 
examine the demographic history of P. sylvestris and especially study how post-
glacial colonization of northern Europe has affected the molecular variation in P. 
sylvestris. I also wanted to study how differences in the histories of natural 
populations can be observed in their genomic variation. A goal is also to get better 
estimates of scaled mutation and recombination rates and how they vary in the P. 
sylvestris genome, because they are essential in understanding the molecular 
evolution at the genomic level. 
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Another, inter-species level approach is taken to assess the effect of selection 
in different pine lineages and generally in trees. The phylogenetic analysis is used 
to compare frequencies of positive and negative selection in genus of pines at 
time scale extending tens of millions of years from present. Meta-analysis of 
studies on nucleotide variation in trees is used to evaluate what specific features 
arise from tree-like life form compared to other plants. 



 24 

 



 25 

2 Material and methods 

Only a brief outline of the methods is presented in this chapter. Details about 
sampling, and molecular and statistical methods are given in the original papers 
(I-V). 

2.1 Sampling 

Generally, samples from natural populations were preferred in order to minimize 
possible anthropogenic effects on molecular diversity of P. sylvestris. Seed 
orchard samples were used in five cases in paper I, the rest of the samples are 
from natural populations. Due to the wide geographical distribution of P. 
sylvestris, the sampling of the whole distribution and especially the most eastern 
part of it was demanding. Therefore most of the results are based on the European 
part of the P. sylvestris distribution. 

The study on post-glacial colonization routes is based on 37 populations and 
714 individual trees. 3-35 trees per population were sampled. Sampling 
concentrated on northern European populations that were not well covered in 
previous studies on P. sylvestris post-glacial colonization history (Sinclair et al. 
1999, Soranzo et al. 2000). In a study on nucleotide diversity of P. sylvestris 
(paper II), sampling was designed to equally cover different latitudes of the 
species’ distribution in Europe. Eight populations and five individuals per 
population were sampled. The populations were divided into four groups: Spanish 
and Turkish populations represented isolated high-altitude populations. Swedish 
and two Finnish populations represented populations that have colonized the 
common location after the LGM. Polish, Austrian and French populations 
represented populations with putatively more stable population history than that 
of the northern ones. 

In the study on nucleotide diversity of allozyme loci (paper III), 
recombination rate was of special interest. One large sample (35 individuals) from 
a single southern Finnish population was used to get a reliable estimate of 
population recombination rate. In addition, 18 northern Swedish trees with known 
allozyme heterozygosities were used to deduce nucleotide polymorphisms that 
cause the distinct electromorphs. 
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2.2 Molecular methods 

In studies on nucleotide diversity, DNA was extracted from megagametophyte 
tissue. In paper I, needles and embryos were also used for DNA extraction. This 
should not affect the results, because they all share the same mtDNA type. 

2.2.1 Mitochondrial DNA variation 

DNA variation in P. sylvestris mitochondria is low (Soranzo 1999). Only one 
known variable position, nad1 in P. sylvestris mtDNA had been found before 
paper I (Soranzo et al. 2000). The primary goal in the study I was therefore to 
find nucleotide polymorphism in P. sylvestris mtDNA. Among eleven mtDNA 
regions known to amplify in conifers, five were amplifying and sequenced in P. 
sylvestris. 

The five mitochondrial regions were sequenced to find polymorphisms in 
screening set of 12 individuals of P. sylvestris. No single point mutation was 
observed, but two new variable insertion-deletion positions were found in nad7. 
Previously known polymorphism in nad1 (Soranzo et al. 2000) was also 
segregating in the sample. Because no additional polymorphism in these regions 
were found in a set of 90 individuals, the rest of the 714 individuals were 
genotyped for insertion-deletion polymorphisms in nad1 and nad7 by PCR or 
PCR-RFLP, and electrophoresis. 

2.2.2 Sequencing  

Papers II-V were based on sequence polymorphism in P. sylvestris and other tree 
species. Sequence data are excellent for studies of molecular evolution for several 
reasons. Single point mutations can be identified, mutations causing amino-acid 
replacements can be separated from those that do not (silent mutations) and 
population mutation and recombination rates can be estimated at nucleotide level. 
In addition, a wealth of applicable theoretical framework and statistical and 
computational methods for nucleotide polymorphism data are available. 

Primers for amplifying nuclear genes in P. sylvestris were designed based on 
other conifer sequences in the NCBI GenBank, mostly expressed sequence tags, 
(ESTs) of P. taeda and P. pinaster. If no information about the intron positions 
was available for conifers, homologous regions of Arabidopsis thaliana were 
used to predict the positions. These positions were avoided in primer design. P. 
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sylvestris genome is known to contain a large number of gene families. Therefore 
long, 22–25 nucleotide primers were preferred to avoid amplifying several 
paralogs. 

The nucleotide diversity data were acquired by direct sequencing of the PCR 
products. Sequencing was done in both 5’ and 3’ directions. Sequenced stretches 
were assembled into contigs individual by individual. After aligning, all 
chromatogram positions of polymorphic sites were verified by eye. For paper V, 
some of the sequence data from EST databases of conifers were used in the 
analyses.  

Only haploid DNA from megagametophyte was used in sequencing. If 
overlapping peaks were observed in chromatograms, it was generally considered 
as amplifying several loci and the data was discarded. In few cases, secondary 
structures were observed as anomalies in chromatogram. In these cases sequence 
has been included in the analysis for those parts that are not affected by secondary 
structures. 

2.2.3 Allozymes 

In paper III, nucleotide diversity in allozyme loci was studied. Six allozyme loci 
were amplified and sequenced: 6pgd, aco, got, gdh and two mdh:s. The 
corresponding five allozyme systems: 6PGD, ACO, ASP (GOT), GDH and MDH 
had been used earlier in several studies on molecular variation of P. sylvestris (e.g. 
Muona & Harju 1989).  

Several allozyme systems have more than a single locus. To verify which 
allozyme locus corresponds to each sequenced locus, a set of trees heterozygous 
for these five systems (Szmidt & Muona 1989) was used. These 18 trees were 
studied for both nucleotide and allozyme diversity. The replacement 
polymorphisms that fulfilled the following criteria were considered as causative 
replacements behind allozyme polymorphism: 1) segregation associating with 
allozyme polymorphism 2) an amino acid charge change consistent with 
electrophoretic pattern and 3) results in similar expected heterozygosities in a 
population sample of 35 trees from southern Finland compared to observed earlier 
in nearby populations (Muona et al. 1988). The studied loci were, specifically: 
6pgdB, aco, gotC, gdh, mdhA and mdhB. 
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2.3 Statistical methods 

Most of the statistical methods applied to sequence data in the thesis have been 
developed within the framework of coalescence theory (see Introduction).  

2.3.1 Molecular diversity 

Standard measure of molecular diversity in allozymes is expected heterozygosity 
He and for mtDNA haplotypes its haploid counterpart, gene diversity H(m) (Nei 
1987). They are defined as a probability that two randomly sampled alleles are 
different. To describe nucleotide diversity at sequence level, various estimates of 
θ (=4Neμ), are used. Two most common are Watterson’s (1975) θW based on the 
number of segregating sites, and θπ (Tajima 1983) which is based on pairwise 
nucleotide diversity.  

In paper II, a new Bayesian method for estimating θ from multilocus 
sequence data is presented. The method was used to get an unbiased estimate of 
genome wide level of nucleotide diversity. Simple average over multiple loci 
would have resulted in an upward bias. This method assumes standard 
equilibrium population, which may bias the estimate as well. The assumption of 
no recombination should not affect point estimate of θ, but widens its posterior 
probability. 

2.3.2 Genetic and geographical structure 

In papers I and II, several P. sylvestris populations were sampled, which enabled 
examining of geographical distribution of genetic diversity. Overall genetic 
clustering of nucleotide diversity was studied with Bayesian method, 
implemented in BAPS software (Corander et al. 2003), which partitions samples 
into groups based on allele frequency data. Distribution of genetic variation 
within and among populations was described with several FST estimates. The 
pattern of isolation by distance in mtDNA was tested by comparing genetic 
differentiation and geographical distance between populations (Mantel test), 
because according the IBD model, there should be positive correlation between 
the two (Wright 1943). Phylogeographic structure of mtDNA data was inspected 
by comparing two FST estimates, GST and NST (Pons & Petit 1996). The two 
estimates differ because, GST is based only on allele frequencies, but NST also 
takes into account the distance between haplotypes. If NST is higher than GST, it 
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indicates that alleles inside a population are more closely related than alleles 
compared among populations. For sequence data, FST (Hudson et al. 1992) 
estimate analogous to Weir and Cockerham’s θ (not the above mentionned 
population mutation parameter but an actual method of moment estimator of the 
parameter FST) (1984) was used to describe pairwise genetic differentiation over 
all loci. Two statistics based on the number of differences between nucleotide 
haplotypes, Snn (Hudson 2000) and KST* (Hudson et al. 1992), were used to 
describe differentiation at each locus. 

Genetic diversity may decrease during sequential bottlenecks or in isolated 
populations due to smaller Ne. Therefore, lower diversity in northern European 
populations and also in isolated Mediterranean populations was expected. In 
addition to basic F-statistics based analysis of geographic distribution, the amount 
of nucleotide variation in different populations was compared (paper II). This was 
done by comparing the credibility intervals of each geographic group’s posterior 
distributions of θ. 

2.3.3 Linkage disequilibrium and recombination 

Non-random association between alleles, LD, is dependent on the recombination 
rate between adjacent sites c, and Ne. It is expected to decay along the distance 
between observed alleles. The squared correlation of allele frequencies of two 
parsimony informative sites r2, and the distance between them was plotted to 
describe the decay of LD. Several methods were used to estimate the so called 
population recombination rate ρ (=4Nec), based on nucleotide diversity data 
(papers II and III). In paper II, the data from each individual locus was scarce, so 
recombination rate estimates are based on the pooled multilocus data. A nonlinear 
least-squares estimate of ρ, was obtained by using expected relationship between 
the distance and r2  
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(Hill & Robertson 1968). The maximum-composite likelihood method of Hudson 
(2001) based on two-site sample configurations to estimate ρ was also applied to 
pooled data. Paper III was especially designed to get reliable estimates of ρ and 
the composite likelihood method (McVean et al. 2002, Hudson 2001) was applied 
to each locus separately. 
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2.3.4 Testing of demographic models 

Coalescent simulations were used to find a demographic history compatible with 
the observed nucleotide diversity in P. sylvestris. The simulated dataset had the 
same sample size and number of loci as the observed one. Simulations were 
conducted with Hudson’s ms program (2002) assuming same mutation and 
recombination rate per site in all loci. The basic idea behind the approach is to 
simulate data that have the same average nucleotide diversity (θπ) as in the 16 loci 
in the observed data and use other summary statistics, such as Tajima’s D, and 
Fay and Wu’s H to reject a model. For each summary statistics, the observed 
value was compared to a distribution from simulated dataset through a p-value. 
Standard neutral model and a grid of 16 bottlenecks with different timings and 
severities were simulated. 

2.3.5 Neutrality tests 

The deviation from neutral assumptions was examined based on intraspecific 
nucleotide diversity data in papers II and III. Many of the tests are designed to 
detect deviations from the standard neutral equilibrium model that assumes 
constant population size and absence of natural selection. In many cases, it is 
difficult to judge whether the deviation from neutrality is caused by natural 
selection or by some other violation of the neutral model. 

Allele frequency spectrum based tests like Tajima’s D (Tajima 1989) and Fay 
and Wu’s H (2000) use difference between θ estimates as a test statistic. Under 
the standard neutral model, they should yield similar estimates. Differences 
between them are considered as a sign of deviation from neutrality. Tajima’s D 
statistics is the difference between θπ and θW. Fay and Wu’s H is the difference 
between θπ and θH. The latter is based on the number of derived alleles.  

Hudson-Kreitman-Aguadé (HKA) –test (Hudson et al. 1987) and McDonald-
Kreitman (MK) –test (McDonald & Kreitman 1991) compare polymorphism 
segregating inside species to divergence between species. Jody Hey’s multilocus 
HKA-test detects deviations from neutrality both in the amount of diversity and 
divergence based on neutral coalescent simulations. In neutral situations, both 
divergence and diversity should be functions of mutation rate. For example 
balancing selection could lead to an excess diversity compared to divergence. In 
MK test, segregating sites are divided into four classes, replacements and silent 
polymorphisms, and polymorphic (inside a species) and fixed differences 
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(between species). If the ratio of two replacement classes is not what is expected 
based on silent changes, it is considered as deviation from neutrality. 

Haplotype-based tests of Innan (2005) and Hudson (1994) were applied to 
data in paper III, where groups of closely related haplotypes were observed at 
several loci. Innan’s haplotype configuration test (HCT) uses coalescent 
simulations to evaluate how unlikely the observed haplotype frequency vector is. 
Hudson Haplotype Test (HHT) was used to test specific haplotype groups by 
estimating the probability of finding a haplotype subset of size i that contains j or 
fewer segregating sites. The advantage of latter is that it takes into account the 
distance between haplotypes. In addition to standard neutral model, different non-
equilibrium population histories can also be used to create a null distribution. 

There are some tests that are not as sensitive to non-selective deviations from 
neutrality as the above-mentioned tests. A method developed by Beaumont and 
Nichols (1996) searches for FST outliers to detect loci that are highly 
differentiated and could therefore underlie the adaptive traits between populations. 
The test also takes into account the interdependency between heterozygosity and 
FST. DHEW, and other compound test statistics introduced in Zeng et al. (2007), 
combine Tajima’s D, Fay and Wu’s H and Ewens-Watterson (Watterson 1978) test 
statistics so that the effect of demographic events is diminished and the test 
explicitly detects deviations from neutrality caused by positive selection. 

2.3.6 Phylogenetic methods 

In paper V, data from several loci and conifer species were used to construct a 
species phylogeny and to study the effect of natural selection at the genus level. 
Neighbour-joining, maximum-likelihood and Bayesian methods were used to 
construct a species tree from concatenated dataset. Supertree analysis was used to 
construct a species tree from individual gene trees. 

Effects of selection were examined with several tests. Neutral substitution 
and relative rate ratio (RRR) tests (Creevey & McInerney 2002) are based on the 
ratios of different classes of replacement and silent variable sites. They are similar 
to MK test, applied to nucleotide sequence data from several species. They can 
detect selection in different branches in phylogenetic trees. 

Codon-based models (Goldman & Yang 1994) and maximum-likelihood 
method were used to examine what model of evolution best explains the data and 
to study the possible effects of positive natural selection. The method is focusing 
on the ratio of non-synonymous and synonymous divergence, dN/dS. Branch 
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models can detect differences in dN/dS ratios among lineages and site models can 
detect differences in dN/dS among codons. Since dN/dS should be around one in 
neutral situation, values significantly higher than one are considered to be result 
of positive selection.  

Since a considerable number of lineages were tested in RRR, neutral, 
substitution test and in codon-based methods, a false discovery rate (FDR) 
analysis (Benjamini & Hochberg 1995) was applied to the results to correct for 
multiple testing. The method gives for each p-value a corresponding q-value 
which is the minimum false discovery rate when that particular test is considered 
significant. FDR can also be used to estimate the proportion of true nulls among 
all cases (Storey & Tibshirani 2003). With this approach, the proportion of loci 
and lineages under selection can be estimated, even if the signal from individual 
case is not strong enough to result in a statistically significant result. 
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3 Results and discussion 

3.1 Geographical distribution of molecular diversity in Pinus 
sylvestris 

Overall, there was a considerable difference in the geographic distribution and 
amount of molecular variation between mitochondrial and nuclear DNA. This 
was not surprising, because these genomes have different modes of inheritance. 
Nuclear DNA is biparentally inherited and is therefore dispersed by both pollen 
and seed. Mitochondrial DNA is maternally inherited and only dispersed via seeds. 
It also has half the Ne of nuclear DNA. Patterns of post-glacial colonization are 
clear from mtDNA, because the alleles do not spread as fast as in markers that 
have pollen mediated gene flow. The drawback of using mitochondrial markers is 
that the whole mitochondrial genome is effectively only one locus, since there is 
no recombination. Therefore drift can have a strong impact on the distribution of 
alleles and the results based only on mitochondrial data should be taken 
cautiously (Pakendorf & Stoneking 2005). 

In paper I, altogether four mitochondrial haplotypes were found. Two new 
polymorphic indels were found from intron 1 of nad7. Together with previously 
detected polymorphisms in nad1 (Soranzo et al. 2000), they constitute four 
mitochondrial haplotypes a, b, c and d (see Figure 1 in paper I). Turkish and 
Spanish populations had haplotypes that were not observed in any other studied 
population, which was not surprising due to their geographical isolation from 
main distribution. Haplotype b was only found in Spain and haplotype d in Turkey. 
The isolation of Spanish populations was observed already in earlier studies 
(Cheddadi et al. 2006, Sinclair et al. 1999, Soranzo et al. 2000), but the haplotype 
d in Turkey had not been observed previously. In addition, there was a new 
haplotype c that was found only in northern and Central Europe and in western 
Russia.  

In contrast to differences in the genetic diversity among populations in 
mtDNA, the level of nucleotide diversity at nuclear loci was similar in all four 
geographic groups, about 0.005/bp (see Figure 2 in paper 2). It was at the same 
level as observed in earlier study on pal1 and a small dataset of 10 loci (Dvornyk 
et al. 2002). Due to sequential bottlenecks during northward post-glacial 
colonization, northern groups could have less diversity than central. However, this 
was not the case. Either the bottlenecks have not been severe (Austerlitz et al. 
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2000) or abundant gene flow has equalized the distribution of genetic diversity 
quickly. An option is that admixture has increased the variation in the north and 
counterbalanced the effect of colonization. 

The overall GST estimate in mitochondrial DNA was 0.655, suggesting strong 
differentiation between populations. In addition, there was significant pattern of 
isolation by distance (p-value: 0.0012), which means that the genetic 
differentiation in mitochondria increases as the geographical distance between 
populations increases. There seemed to be a phylogeographic pattern even though 
the GST-NST comparison did not have power to indicate it. In contrast, based on 
data from nuclear genes, all European P. sylvestris populations belong to a single 
genetic cluster and have pairwise average FST values between 0 and 0.14. There 
was some indication that Spanish population is slightly differentiated from others 
as was expected based on distribution of mtDNA haplotypes and earlier study on 
nucleotide diversity in P. sylvestris (Dvornyk et al. 2002). On the other hand, 
Turkish population did not show any differentiation at nuclear genes, even though 
based on mtDNA and species distribution it is isolated from the main distribution. 

Despite the overall uniformity of genetic variation of nuclear DNA, there 
were some differences between geographic groups. Tajima’s D in silent sites had 
positive values in southern populations and negative ones in central and northern 
European group. The other (although not statistically significant) difference was 
in the amount of LD between central and northern group. The northern group had 
only one fifth of the ρ compared to southern group. This could be caused by 
bottleneck, admixture or differences in outcrossing rate. Selfing can increase the 
amount of LD, because the recombinants coalesce faster back together in 
populations that have more selfing than outcrossing population (Nordborg 2000). 
Kärkkäinen et al. (1996) found that the outcrossing rate was higher in southern 
(0.99) than in northern Finland (0.93). Coalescence simulations could be used to 
study whether such subtle differences could cause the difference in the amount of 
LD. As Nordborg (2000) pointed out, differences in outcrossing rate can easily be 
obscured by demographic events. Demographic hypotheses for increased LD in 
the north group are discussed in the following section. 

3.2 Phylogeographic and demographic history of Pinus sylvestris 

Inference about possible post-LGM colonization scenarios were mainly based on 
the distribution of mtDNA variation among European populations. Since 
haplotypes found in Turkey and Spain were not found elsewhere in Europe, it is 
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likely that these populations did not contribute considerably to the northward 
colonization. Spanish populations seem to be the most differentiated from others 
according to both mitochondrial and nuclear data. This implies that the Pyrenees 
has been a major barrier to gene flow. 

The existence of haplotype c in central, eastern and northern Europe and its 
absence in Mediterranean and most eastern part of distribution reinforced the 
view that the origin of populations that inhabit northern Europe at present is not in 
Mediterranean region. The origin of haplotype c could be in central Europe where 
according to fossil evidence have been forests even during the coldest period of 
last glacial, or in eastern part of Eurasia, which was partly ice free during the 
LGM. 

Results of paper I together with Soranzo et al. (2000), Cheddadi et al. (2006) 
and Naydenov et al. (2007) create a picture of post-glacial migration patterns of P. 
sylvestris that differs from many other European trees (Petit et al. 2003). In most 
temperate European forest trees, the refugia have been in Mediterranean area and 
these populations have colonized the rest of the Europe after the LGM. In P. 
sylvestris, there have been refugia in Mediterranean area, but these populations 
have not contributed much to colonization of other regions of Europe. Rather, 
there have been refugia somewhere else, putatively closer to the edge of the ice 
sheet, maybe in central Europe or somewhere west from Ural Mountains. Our 
results resemble those found in two other boreal trees, Picea abies and Betula 
(Palme et al. 2003, Sperisen et al. 1998, Vendramin et al. 2000). It seems that 
unlike the more temperate species studied in Petit et al. (2003), cold tolerant trees 
could have survived outside Mediterranean region during the LGM.  

It has been suggested that there is a general suture zone in northern Sweden, 
where two post glacial colonization fronts, one from south and one from east, 
have met (Taberlet et al. 1998). Sinclair et al. (1999) have found evidence of this 
suture zone also in P. sylvestris. There is indeed a difference also in the frequency 
of haplotype c between northern Finland and Sweden, but it is not striking. Based 
on haplotype frequencies, it is possible that both Finland and Scandinavia have 
been colonized from south and the differences in haplotype frequencies are due to 
drift that has driven allele frequencies apart in the two regions.  

In silver birch (Betula pendula) admixture in Finnish populations was 
suggested to explain the observed dimorphism in nucleotide diversity (Järvinen et 
al. 2003). Higher LD in the north group of P. sylvestris (paper II) compared to the 
central groups could result from admixture in the suture zone. However, the 
estimates of LD are uncertain as discussed in the next section and it has to be born 
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in mind that neutral coalescent process can also easily lead to dimorphism due to 
deep internal branches. All in all, there are several independent pieces evidence of 
admixture of P. sylvestris in Scandinavia, but the issue needs further investigation. 

Nuclear data did not reveal large differences between the northern and central 
groups, indicating that events after the LGM have not much affected the 
monitored summary statistics, Tajima’s D and Fay and Wu’s H. The southern 
populations had positive values of Tajima’s D in contrast to negative in the north 
and central group, but the data were too scarce to examine in detail what 
demographic history could be responsible. The northern and central groups were 
probably similar, because from the population genetic timescales, the last post 
glacial events happened during the past 500 generations or so. In coalescent time 
scale, colonization and other post-glacial events took place in very recent history. 
Most of the coalescent events of the samples and thus majority of the tree predate 
the LGM and therefore, no signal of colonization event can be observed 
(collecting and scattering phase, (Wakeley & Aliacar 2001)). 

A detailed analysis of demographic history using coalescent simulations was 
applied to the northern and central groups. Based on nuclear data, the standard 
neutral model was rejected in both groups. This led us to evaluate how likely the 
data is produced by a few non-standard demographic scenarios. To keep the 
amount of parameters low, only simple bottleneck models with varying timing 
and severity were examined. Among 16 bottleneck scenarios simulated, only one 
was compatible with the data. It was a bottleneck 0.1 X 4N0 generations ago that 
reduced the population size to 1% of the present size for 0.006 X 4N0 generations, 
when N0 is Ne at present. 

Using the divergence between Picea abies and P. sylvestris and the nucleotide 
diversity in P. sylvestris, a mutation rate of 12.1 X 10-9 per generation and N0 of 
238 000 individuals were estimated. Based on these estimates, the bottleneck 
would have happened 2 MYA. Even though the timing should be considered 
preliminary due to uncertainties in the underlying assumptions, it shows that 
really ancient demographic events predating the LGM can still have an effect on 
nucleotide diversity in P. sylvestris.  

The problem in the approach we chose to estimate the demographic history in 
paper II is the choice of scenarios. Only a limited number of scenarios can be 
tested by coalescent simulations and if the true or closely related scenarios are not 
included, the interpretations can be misleading. The parameter space for 
demographic histories is infinitely large and cannot be examined thoroughly with 
the coalescent approach. Therefore, independent data, like pollen fossils should 
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be used to make hypotheses and interpretations that are biologically realistic. For 
example, repeated cycles of bottleneck modelling glacial cycles as in Jesus et al. 
(2006) may be a realistic hypothesis for European forest species that have long 
generation times and have existed in Europe for hundreds of thousands of years. 

Ideally, when the correct demographic scenario is known, it can be used as a 
null model in further analysis e.g. to detect the loci that have been affected by 
selection. We did this in paper III where we used the results on demographic 
history of P. sylvestris from paper II as null model in Hudson’s haplotype test. 
However, if the null model is not correct, it can result in spurious interpretations 
about the amount selection. 

3.3 Recombination, mutation and selection in the genome of Pinus 
sylvestris 

Two nucleotide diversity datasets used in this study (paper II and III) were 
different in several aspects. In paper II a set of 16 loci was sequenced using 40 
samples from eight different European populations. The studied fragments were 
on average 850 bp long partial stretches of genes, consisting mostly of coding 
sequence. Paper II included both candidate genes for phenological traits and so-
called reference loci that a priori are not related to adaptively important traits. 
The dataset in paper III consisted of nearly full genes sequenced from a 
population sample of 35 southern Finnish trees and included several large introns. 
All genes in paper III code for allozymes and the goal of paper was to solve why 
trees are most variable plant species at allozyme level and at the same time 
harbour moderate levels of nucleotide diversity. Allozymes are usually enzymes 
with important housekeeping functions and are involved e.g. in sugar and 
nitrogen metabolism. Due to several differences it is difficult to conclude, 
whether the differences in their patterns of nucleotide diversity are due to 
mutation, recombination, selection, chance or some combination of these 
evolutionary forces. 

According to our results, mutation rate in P. sylvestris varies from loci to loci. 
There is correlation between synonymous nucleotide diversity and synonymous 
divergence between P. pinaster and P. sylvestris as expected under neutrality 
when there is variation in mutation rate among loci (Figure 2a in paper III). 
However, the two sets of loci do not differ from other genes in respect to diversity 
or divergence. At synonymous sites, the nucleotide diversity at allozyme coding 
genes was slightly, but not significantly higher than in other loci. Also the 
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divergence from P. pinaster at synonymous sites was similar in the two sets of 
loci (Figure 2 in paper III). 

Under neutrality, when mutation rates vary along the genome, a positive 
correlation between nucleotide diversity and allozyme heterozygosity is expected. 
In our limited sample, there was negative non-significant correlation between 
nucleotide diversity at allozyme coding loci and allozyme heterozygosity. Similar 
observation was made by Skibinski & Ward (2004) who studied the relationship 
between allozyme heterozygosity and DNA sequence substitution rate in a 
human-mouse comparison. They concluded that allozyme heterozygosity was 
more related to the amount of purifying selection than to the mutation rate. 
Purifying selection was clearly acting on allozyme coding genes of P. sylvestris 
too. Average KA/KS ratio was well below one in all loci and loci seemed to be 
very conservative at the amino acid level. There was also positive, but non-
significant correlation between KA/KS and allozyme heterozygosity, suggesting 
that selection on non-synonymous sites might be affecting the heterozygosity in 
these genes. 

In paper II, ρ was estimated to be 0.0064 in northern group using combined 
data from nine loci. In paper III, all ρ estimates were below that. The complete 
lack of recombination that we found in six of eight regions of allozyme coding 
genes was surprising. Even the longest continuous fragment, gdh, had ρ zero for 
the whole gene. This is contradictory to rapid decay of LD observed in paper II as 
well as in other conifers, P. taeda (Brown et al. 2004, González-Martínez et al. 
2006), Picea abies (Heuertz et al. 2006) and Pseudotsuga menziesii (Krutovsky & 
Neale 2005). In yeast, the essential housekeeping genes are clustered in regions of 
low recombination (Pal & Hurst 2003) and there is similar indication in 
Escherichia coli also (Boyd et al. 1994). It is possible that allozyme coding genes 
of P. sylvestris could reside in genomic regions where the recombination rate is 
reduced. 

Actually, based on genetic maps’ sizes and physical genome sizes, there 
should be regions of lowered recombination in the P. sylvestris genome. The 
genetic map of P. sylvestris is about 1500 cM (Komulainen et al. 2003) and 
genome size has been estimated to be 28 pg (≈ 27 Gb) (Valkonen et al. 1994). As 
a comparison, A. thaliana map size is approximately 500 cM 
(http://www.arabidopsis.org/) and genome size 0.16 pg (≈ 0.157 Gb) (Bennett et 
al. 2003). The difference in centimorgans is three-fold, but in base pairs, 170-fold. 
Because cM is a unit of recombination this suggests that P. sylvestris has much 
less physical recombination (c) per generation than A. thaliana. 
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The recombination rate in allozyme coding genes could be partly an artefact 
of the methods. The recombination rate estimates (ρ = 0.03 in Central Europe) in 
paper II were based on Hudson’s maximum composite likelihood method (2001) 
applied on pooled data from several loci, because populations did not have much 
information per locus. The pooled data that included loci that had some 
recombination might cause bias in the overall recombination. The allozyme data 
had larger sample sizes and longer stretches of sequence resulting in more reliable 
recombination estimates that could be obtained for each gene separately.  

Gene conversion could result in discrepancies in recombination rate estimates 
(Andolfatto & Nordborg 1998). Since the gene conversion events involve on 
average only a few hundreds of base pairs (Frisse et al. 2001, Plagnol et al. 2006), 
it could have more strongly affected dataset in paper II, that consists of shorter 
fragments. In longer genes, gene conversion would not affect the results as much, 
because the sites that are more distant from each other would not indicate 
recombination. However, not much is known about gene conversion in conifers. 

Positive selection and selective sweeps may also increase the level of LD 
(McVean 2007) as in A. thaliana fri region (Toomajian et al. 2006). This is 
unlikely the case in the allozyme genes studied, since we did not find strong 
evidence of positive directional selection in these regions. In addition, the 
nucleotide diversity was slightly higher than that observed in other genes, which 
is opposite to what is expected after complete selective sweeps (Maynard Smith 
& Haigh 1974). 

There is one more possible explanation for the difference observed between 
the two datasets. The HHT test indicated non-neutral haplotype clustering in 
several allozyme coding genes in P. sylvestris, observed as star shaped gene 
phylogenies in neighbour-joining trees. There were clusters of haplotypes that had 
less variation inside them than expected under neutrality. Hudson et al. (1994) 
suggested that this kind of pattern could be a result of balancing selection that has 
raised the frequency of the new haplotype into intermediate level so recently that 
new mutations have not yet accumulated into the gene. This “partial selective 
sweep” could also result in the observed pattern in P. sylvestris allozyme coding 
genes. The method was originally developed for nucleotide diversity data in a 
allozyme coding gene Sod in Drosophila melanogaster (Hudson et al. 1994). 
Several aspects in the pattern of nucleotide variation in Sod gene are similar to 
what was observed in allozyme coding genes of P. sylvestris: non-significant 
Tajima’s D, diversity and divergence levels compatible with neutrality, low 
recombination and a group with too little variation compared to neutrality. 
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Balancing selection acting in allozyme genes could also explain why their 
heterozygosity is high at the electrophoretic level while the nucleotide diversity in 
other genes is not especially high. 

Even though the balancing selection explanation is tempting, some caution 
needs to be exercised regarding the results of HHT test. The data in paper III did 
not fit the neutral model, but they did not fit very well with the best-fitting 
bottleneck model from paper II either. It is possible the demographic scenario 
based on 16 loci in paper II leads to a false interpretation of the demographic 
history, and there is a demographic scenario that fits to both datasets and explains 
the data without selection. 

It would be surprising if most allozymes would be affected by balancing 
selection. On the other hand, the selected set of loci is not random, but has been 
used in allozyme studies for the very reason of being polymorphic, which could 
have given a bias for loci where balancing selection has kept the level of 
polymorphism high. There are not many examples of balancing selection among 
nucleotide diversity studies in trees. It does not prove that it is rare though, 
because balancing selection can be hard to infer especially in outcrossing species 
with low recombination rate and complex demographic history affecting the 
genomewide diversity (Charlesworth 2006, Garcia & Ingvarsson 2007, Nordborg 
& Innan 2003). There is some evidence that allozymes could be especially prone 
to selection caused by varying temperature (Gillespie 1991, Somero 1978). 
Because P. sylvestris is found from various temperatures, its allozymes could be 
prone to balancing selection caused by spatial variation in selection. However, in 
P. sylvestris allozyme diversity data, there is no indication of clinal patterns. 

Whatever the reason, the datasets differed in the LD. It seems that some or 
several evolutionary forces have affected differently these two sets of loci. The 
dataset in paper II is similar to earlier results on nucleotide diversity in P. 
sylvestris and other conifers. Therefore, it seems that for some reason allozyme 
coding genes are different from other genes. It would be interesting to look at the 
nucleotide variation at allozyme coding loci in other trees to examine whether the 
observed pattern is shared among them. 

In summary, it is difficult to prove the action of selection on any single locus 
in P. sylvestris. Tests based on detecting deviation from neutrality as a signal of 
natural selection are not very useful, because a genome-wide deviation from 
mutation drift equilibrium was observed. In addition, unlike it is implicitly 
assumed, it is likely that recombination and mutation rate vary along the genome 
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in P. sylvestris. The variation in recombination rate has to be taken into account in 
the analysis and interpretation of molecular diversity in plants (Gaut et al. 2007). 

3.4 Effects of demography and selection in genomic diversity of 
trees 

The main result in papers IV and V was the scarcity of strong cases of positive 
selection based on molecular diversity in trees. Sign of positive selection was 
detected only in one locus, AbaR, when the divergence in coding regions of 22 
loci in a phylogeny of 10 Pinus species was analyzed (paper V). In a review on 
genomic diversity of forest trees (paper IV), where nucleotide diversity has been 
analyzed, signs of positive selection were found in 15% of all loci. The set of loci 
studied is not a random, but many studies considered were especially designed to 
find genes underlying adaptation. Therefore, the percentage of loci where natural 
selection can be detected based on molecular diversity might be even lower if 
unbiased set of genes was studied. 

In contrast to the lack of positive selection, signs of negative selection were 
found at several loci. An FDR analysis on results about the frequency of selection 
in Pinus (paper V) implied effect of negative selection on more than half of the 
branches among all studied loci. Also the dN/dS ratio that is lower than one in all 
genes studied in paper V, confirms the expectation that purifying selection is 
common, as has been observed in many other organisms (Hughes et al. 2003, 
Skibinski & Ward 2004, Roth & Liberles 2006). 

Studies on natural selection in demographic framework in plants and 
especially crop species have started to emerge recently (De Mita et al. 2007, 
Hamblin et al. 2006, Haudry et al. 2007, Wright et al. 2005). In two tree species, 
Picea abies and P. sylvestris, where demographic history has been examined, a 
bottleneck in the history of a species explains most of the deviations from 
neutrality observed at individual loci (Heuertz et al. 2006). 

Inferring the correct demographic history is not simple in forest trees. Unlike 
the crop species studied, forest trees have not been affected much by 
domestication. The essential traits and adaptations are results of natural 
selection—not artificial breeding conducted by humans. Therefore it is not always 
known at what time in the history changes in the population size took place and 
when selection was acting on the trait of interest. In addition, there is no wild 
ancestor that could be used for comparative purposes as in e.g. wheat and maize. 
In identifying loci putatively affected by selection, methods that are not too 
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sensitive to demographic events, like FDIST (Beaumont & Nichols 1996) or lnRV 
(Schlötterer 2002) detecting outlier loci could be useful in trees. The drawback of 
the outlier methods is that they depend on the assumption of a relatively low 
frequency of selection in the genome. 

Lack of confirmed cases of positive selection does not inherently suggest that 
the positive selection has not been acting on the studied genes. As pointed out by 
Hughes (2007), most methods designed for detecting positive selection are based 
on unrealistic models of selection where several amino-acid changes in a protein 
are expected to be favoured. Hughes claims that more likely model of adaptive 
evolution includes single amino-acid changes, loss-of-function mutations and 
changes in gene expression. Testing the genetic basis of a trait with experiments 
and finally testing the trait’s effects on fitness to prove that the trait has adaptive 
importance has also been emphasized (MacCallum & Hill 2006, Hughes 2007). In 
the hunt for local adaptation in trees, methods utilizing phenotype data, such as 
association analysis focusing on variation in candidate genes for certain traits are 
more useful than whole genome scans. The low genetic structure in neutral 
markers facilitates the detection of loci behind the adaptations. 

The methods for detecting positive selection in molecular data have been 
dominated by Kimura’s neutral theory. Neutrality is used as a null hypothesis and 
selection is often implied as a deviation from neutral expectation. The well 
founded statistical methods maintain this approach even though for example in 
Drosophila species, selection has been claimed to affect almost 50% of the amino 
acid substitutions (Smith & Eyre-Walker 2002). Local selective sweeps may be 
common also in plants due to their sessile lifeform and strong selection for local 
conditions, as pointed out by Kane & Rieseberg (2007) who found evidence of 
selection in 17 loci in Helianthus annuus. 

Gillespie (2000) has proposed that positive selection in the form of recurrent 
hitchhiking (genetic draft) could be the dominant force in the genomes of some 
organisms. He proposes genetic draft as an explanation to the similarity of 
enzyme variation across species even though they should have very different 
effective population sizes, as already pointed out by Lewontin (1974). Effective 
population size estimates based on nucleotide diversity for trees are at the level of 
hundreds of thousands, when the true current census sizes can be thousands of 
millions of individuals. Genetic draft offers an explanation for observed levels of 
diversity in trees: efficient selection would diminish the variation that a high 
population mutation rate would create. Heuertz et al. (2006) argued that recurrent 
selective sweeps are not likely scenario for a species where LD decays fast and 
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high frequency of derived alleles are found, like in Picea abies. However, our 
results on low rates of recombination in allozyme coding genes (paper III) and 
lack of recombination in two japanese conifers, Cryptomeria japonica and 
Chamaecyparis obtusa (Kado et al. 2008) imply that regions of high LD can be 
found in tree genomes, which would facilitate the action of genetic draft. 

3.5 The role of generation time and effective population size in 
genomic diversity of trees 

In coalescent process, the time is scaled in Ne generations. In the analysis of the 
demographic history of P. sylvestris (paper II), generation time estimate of 20 
years was used, which led to a conclusion that events millions of years ago could 
still have an impact on its genomic diversity. In reality, the average generation 
time in P. sylvestris is probably even longer due to longevity of the species and 
the timescale could reach even more ancient period in time. 

In addition to generation time, the time to the most recent common ancestor 
of a sample depends also on Ne. The larger the Ne, the further back in history the 
sample is carrying information from. Mitochondrial and chloroplast DNA (in 
monoecious species) have half the Ne of nuclear markers and therefore are 
affected by more recent events than nuclear DNA. In P. pinaster and Quercus 
suber even the chloroplast genomes have been claimed to reflect the geographic 
events that took place 15 million years ago (Magri et al. 2007). In many species, 
this is close to timescales where interpretation of data requires taking into account 
also speciation events. Considering the pace of changes in the environment, the 
generation times and genetic diversity in trees, the situation where they would 
reach equilibrium is very unlikely. Changes in environment happen faster relative 
to coalescence events in species with long generation time, like trees compared to 
annual species, for example A. thaliana. 

The idea of a single value of Ne is confusing. A long term effective population 
size which takes into account the past population size changes is affecting the 
observed amount of diversity, since the polymorphisms are accumulating over 
time. Varying population size affects also the efficacy of selection. In paper IV, it 
is concluded that as a contrast to long term effects of demographic events, 
selection can have very rapid effects on the large tree populations. This can 
happen in at least two ways in a population that has experienced recent expansion: 
1) the probability of fixation a new beneficial allele is increased in growing 
population (Otto & Whitlock 1997) and 2) the time to fixation is lower for larger 
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populations, assuming the same original frequency of an allele (Kimura & Ohta 
1969). One can imagine a scenario where a beneficial allele is segregating in a 
smaller population and behaves as if it were neutral. When population size grows, 
the same allele is no longer neutral because Nes is now larger. Thus relative roles 
of chance (drift) and deterministic processes (selection) vary over time according 
to population size. Neutral variation is dominated by periods of low population 
size during which drift is stronger and purges variation. Short periods of high 
population size may not produce much new neutral variation, but if important 
adaptations emerge, they could be quickly raised to high frequency. Thus periods 
of high population size could be important for genes underlying adaptation. 
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4 Concluding remarks 

P. sylvestris has experienced population size changes in the past. The species’ 
genetic diversity is not at mutation-drift equilibrium. Considering the pace of 
environmental changes, it is unlikely that a species with long generation time and 
large population size, like P. sylvestris would ever reach equilibrium. The non-
equilibrium situation has to be borne in mind when studying molecular evolution, 
because many statistical methods in the field assume the standard neutral 
equilibrium model. 

P. sylvestris populations in Mediterranean refugia have not contributed as 
much northward colonization as previously assumed. Exact dynamics of post-
glacial colonization history were not resolved, but some evidence of admixture in 
northern Finnish populations was found. More mitochondrial polymorphisms 
would give a better resolution on the issue. Especially the role of putative eastern 
refugia is unclear, even though its effect could be substantial in the genetic 
composition of northern European populations. 

Surprisingly low recombination was found in allozyme coding genes of P. 
sylvestris. This implies that the decay of LD in trees is not necessarily rapid in all 
genomic areas. This can have important implications in the efficiency of 
association analyses. Better picture of recombination rate in trees requires more 
genomic areas, longer stretches of nucleotide diversity data and larger sample 
sizes. 

Signs of positive selection are not common in molecular diversity of trees. 
This could be either due to the actual low rate of positive selection, but also 
because the methods detect selection only in limited cases and the sample sizes 
are small. Selection e.g. on gene expression or single nucleotide sites is ignored. 
Nucleotide diversity data from non-genic genomic (as e.g. in Ometto et al. 2005) 
regions could help to evaluate the effect of selection as well as amount and 
variation of mutation and recombination rate in tree genomes. 
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Populus trichocarpa and Populus tremula have changed places. In Table 1 
references for Populus tremula should be [25, 30, 42]. 
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